The data confirm that transmission in the corticospinal tract is of importance for lifting 48 the foot during the swing phase of human gait. 49 50
commands (Nielsen, 2003 , Rossignol, 2006 , Hultborn and Nielsen, 2007 . 71 Animal experiments have shown that the motor cortex is mainly of importance for 72 stepping over obstacles and for motivational and visual adjustments of gait pattern and 73 direction, although activity can be recorded from corticospinal neurons during 74 uncomplicated walking (Armstrong and Drew, 1985 , Drew, 1993 , Bretzner and Drew, 75 2005 ). Likewise, non-invasive human experiments using transcranial magnetic 76 stimulation have provided evidence that the excitability of corticospinal pathways to leg 77
The experimental protocol for SCI and control participants was approved by the local 115 ethics committee and in accordance with the Declaration of Helsinki. Participants 116 received oral and written information and then gave their written consent to the study. 117
Participants 119
Spinal cord injured participants 120 24 participants with a chronic SCI (22 men and 2 women; average age 43+/-14 years; 121 range from 20 to 66 years old) were recruited from the Clinic for Spinal Cord Injuries, 122
Rigshospitalet in Denmark. Inclusion criteria were that the injury (traumatic or non-123 traumatic) must have been stable for at least one year prior to the experiment and the 124 participants must not have any known peripheral neuropathies or injuries. The 125 participants had locomotor abilities (ASIA -American Spinal Injury Association-126 Impairment Scale (AIS) D) and were able to walk a distance of 10 meters with or without 127 assistance. One participant was categorized as AIS A, due to lack of sacral sparring 128 (Marino et al., 2003) but he could still walk, and was otherwise equivalent in motor 129 function to an AIS D participant. He was therefore included in this study. The average 130 number of years since the SCI participants had their injury was 12 years (± 11 years) 131 prior to the experiment. 19 out of 24 SCI participants had a cervical lesion, 4 had a 132 thoracic lesion and one had a lesion at the 1 st lumbar level. Ten SCI participants used a 133 cane or crutch on short to medium distances and 14 walked unaided on all distances. 134
Eleven SCI participants took daily medication. Four took medication against pain, 2 took 135 9 contraction during the TMS stimulation. However, Davey et al. (1999) reported that the 182 pattern of force contraction and MEP response in the SCI participants are very different 183 from control participants and thus, the force of contraction does affect the response of the 184 TMS stimulation. Similar phenomena could be inherent with the technique used in this 185 project and have been addressed, by constant visual feedback given to the participants, 186
and rest between trials were taken regularly in order to minimize fatigue. 187
188

Corticospinal stimulation 189
To assess transmission in the CST, we used TMS (Magstim Rapid Rate stimulator; 190
Magstim Company Ltd, Dyfed, UK). The stimuli were applied over the leg area of the 191 motor cortex contralateral to the leg tested by using a 80 mm double cone coil (#9902-192 00). The optimal position for evoking MEPs in TA was determined and the coil was 193 subsequently held over this site by an experimenter with the handle directed towards the 194 back, such that the induced current flowed in a posterior to anterior direction in the brain. 195
Overall this location was slightly lateral to the vertex (contralateral to the side under 196 investigation). The motor threshold (MT) of the MEP was determined as the stimulus 197 intensity at which three out of five stimuli evoked a recognizable MEP i.e. a response 198 greater than 50 µV at rest and 100-200 µV during contraction (Rothwell et al., 1999) . 199 TMS was applied with the participants seated as described previously during ankle 200 dorsiflexion equivalent to 10%MVC and at rest. Both legs were tested, starting with the 201 most impaired side. Stimulation was applied 5 to 10 times at 1.2 x MT. 202
203
Gait ability 204
Gait ability was assessed in all participants while they were walking on a treadmill 205 (TecnoGym with minimum speed 0.2 m/s). SCI participants did not wear any orthoses 206 during the assessments. A security harness was used to mitigate against the risk of falls in 207 all SCI participants who were unable to walk without a walking aid. The harness was 208 secured by a Biodex support system, but did not provide any active body weight support. 209 SCI participants could also hold on to handrails if they found it was necessary. 210
The kinematics of locomotor movements was analysed using a six-camera Pro-reflex 211
Qualisys system. Passive markers were placed on both legs, and were positioned on the 212 anterior superior iliac spine, greater trochanter, external joint line of the knee, external 213 malleolus, and the lateral side of the 5 th metatarsophalangeal joint (MTP). Markers were 214 also placed on the 12 th thoracic spinal process, the 7 th cervical spinal process and one on 215 each acromion. 216
All participants wore a pressure-sensitive resistance sensor under the heel of the most 217 impaired leg to monitor the time of heel contact during each step cycle. The heel contact 218 times were then used as triggers during data analysis (see below). 219
A target of 5 minutes of treadmill walking was set for each participant. SCI participants 220 walked at the maximal speed at which they were comfortable without holding the bars if 221 possible. CTRL participants were asked to walk with different speeds (their own 222 favourite speed, and speeds comparable to SCI participants). Kinematics and EMG data 223 collection was synchronized and during the 5 minute-walking trial at least 2 sets of 1 224 minute data were recorded. Locomotion of the participants was also recorded with a 225 video camera (SONY, model HDRSR12). 226
Data Analysis 228
Kinematics and EMG recordings 229
The kinematic recordings from the infrared cameras were pre-analysed in Qualisys 230 software (Qualysis inc., Sweden), where the different markers were identified. Periods of 231 30-60 seconds of kinematic measurements were then exported from Qualisys to custom-232 made software (Matlab and Excel-based), which calculated average swing length, 233 duration of swing, of stance and of the gait cycle. Figure 1D , H, L. 241
242
Foot drop measures 243
Toe elevation 244
The elevation of the toe above ground level was taken as a measure of foot drop. 245
However, trying to determine objective measures for foot drop was complicated by the 246 compensations that are taking place at other articulations, and that are different from one 247 participant to the other. Trying to calculate each of those compensations and subtracting 248 them systematically in every participant was not conclusive. Therefore, the amplitude of 249 toe elevation was calculated from the distance between the marker placed on the MTP12 and the ground. The largest distance between these 2 points was determined and will be 251 referred to as the highest toe elevation. In healthy participants plotting the elevation 252 against time reveals the presence of two separate peaks of toe elevation during swing. 253
The presence or absence of the 2 nd toe elevation prior to heel strike was also determined 254 by subtracting the excursion of the malleolus marker (which can be caused by flexion of 255 the knee, hip or other compensation strategies used by the SCI participants) from the 256 elevation of the toe. The remaining movement would then mainly occur at the ankle at a 257 time corresponding to the 2 nd toe elevation. 258
Angular difference 259
Simply measuring the total angle excursion would have been misleading since some SCI 260 participants restricted their movement at the ankle while others dragged their foot which 261 increased the total excursion. Furthermore, it would not have been specific to the part of 262 the cycle where foot drop is the most evident: the onset of swing. Therefore, to address 263 the decreased toe elevation of the first part of the swing, the ankle excursion between toe-264 off and mid-swing was calculated. Indeed, the angle of the ankle was measured at toe-off, 265 just prior to the foot being lifted from the ground. At that time, the ankle is at its most 266 extended and in order to keep the foot from touching the ground at the onset of the 267 forward movement there is dorsiflexion that raises the toe until mid-swing. This 268 constitutes the first part of the swing and corresponds to the first toe elevation. For each 269 participant, the ankle angle at mid-swing was calculated and then subtracted from the 270 angle measured at toe-off. For CTRL participants (walking at speeds comparable to SCI), 271 this angle excursion had a mean of 16+/-4 deg. For SCI participants, this angle excursion 272 was quite varied and could be smaller or larger from this mean depending on the footdrag, whether they could correct for it or not or whether they prevented their foot to drag 274 by lifting the foot prematurely at the end of stance. The difference between the values of 275 the angle excursion at onset of swing for each subject was subtracted from the mean 276 value of the CTRL participants. The absolute value of this measure will be referred to as 277 angular difference and in that way subjects with low angular difference are closer to the 278 mean value observed in control. 279
280
MEPs 281
The MEP amplitude was measured at rest by taking the peak-to-peak value of each MEP, 282
averaging those values and expressing them as percentage of Mmax. Although in iSCI 283 participants MEP could lack a clear biphasic shape due to the late components of the 284 corticospinal inputs, we concentrated on the amplitude of the highest components of the 285 MEP. The latency was measured during contraction equivalent to 10%MVC, using the 286 rectified and averaged MEP. The latency corresponded to the onset of the first significant 287 deviation from the background EMG. 288
It would have been optimal to subtract an estimate of peripheral conduction time in each 289 of the subjects to obtain a more precise estimate of central conduction time. However, 290 most of the subjects did not tolerate magnetic stimulation applied over the lumbar spinal 291 cord and this procedure therefore had to be abandoned. We did make sure to exclude 292 subjects with known peripheral neuropathy and/or diabetes and differences in peripheral 293 conduction time therefore likely had only little influence on differences in MEP latency. 294
Normalization of the MEP latency to the height of the subjects also made no difference 295 different subjects to other parameters, suggesting that differences in height between 297 subjects was too little (1.64 to 1.84 m) to significantly influence the distribution of MEP 298
latencies. 299
Coherence and cross-correlation 300 followed. Surface EMG was preprocessed using a full-wave rectification. The rectified 311 signals were then assumed to be realisations of stationary zero mean time series, which 312 were denoted by x and y. A periodogram was applied to estimate the power spectra. From 313 these spectra discrete Fourier transform was constructed from short sections of the data 314 taken at a fixed offset time with respect to a trigger point (in this case the heel strike) in 315 each step cycle. By an average of the periodograms across all step cycles estimates of the 316 spectra were constructed. For the data presented, a segment length corresponding to the 317 period of TA EMG activity during the swing phase was used. f xx (λ) and f yy (λ) were used 318 to represent the power spectra of processes x and y, respectively. The cross spectrumbetween x and y was denoted by f xy (λ) and was estimated in a similar manner to the auto 320 spectra. The correlation between the EMG signals was assessed through coherence 321 functions in the frequency domain (Brillinger, 1981 , Halliday et al. 1995 . The coherence 322 function between the two rectified EMG signals was defined at frequency λ as; 323
324
On a scale from 0 to 1, coherence functions provide normative measures of linear 325 association. For the present data, the coherence provides a measure, at each Fourier 326 frequency λ, of the fraction of the activity in one surface EMG signal which could be 327 predicted by the activity in the second surface EMG signal. In this way, the coherence 328 was used to quantify the strength and frequency of common rhythmic synaptic inputs, 329 which were distributed across the motoneuron pool (Farmer et al., 1993) . The kinematics and EMG activity shown in Figure 1 illustrate the differences in gait 371 ability in one CTRL (Fig. 1A-D) and two SCI participants walking on a treadmill (Fig  372   1E-L significant difference in the toe elevation was found when CTRL participants walked at 381 their own comfortable speed. Thirteen SCI individuals also showed two toe elevations in 382 the swing phase during gait (average highest peak of 74+/-17 mm), whereas eleven 383 individuals only showed a single elevation (similar to the participant in Fig. 2E-H ; 384 averaged height 31+/-15 mm). Seven of these dragged their foot at the onset of swing 385 (exemplified by the participant in Fig. 1I-L) . The movement at the ankle joint also shows 386 two dorsiflexions during the cycle for CTRL, but not for SCI corresponding to the 387 absence of the 2 nd toe elevation during treadmill walking (Fig. 1C, G Figure 2 shows coherence and cumulant analysis data from a CTRL ( Fig. 2A-C) and a 396 SCI participant (Fig. 2D-F (Fig. 2B ), but not in the SCI 405 participant (Fig. 2E) . In C and F, the corresponding cumulant density provides a measure 406 of the temporal structure of the motor unit synchronisation existing between paired EMG 407 recordings for the duration of the swing phase. A narrow central peak of synchronisation 408 (lasting about 23 ms) was observed in the cumulant density estimate of the CTRL 409 participant. This sharp central peak is thought to result from the common central drive to 410 the motoneurons. In the SCI participant, the central peak was absent and a broad low 411 amplitude peak at lag of 0 ms and width of almost 90 ms was observed. (Fig 4 A-B, higher panel) in a  440 representative CTRL (Fig 4A) and the most affected leg of an SCI individual (Fig. 4B) . 441
MEPs could be evoked at rest in all 13 CTRL individuals tested with TMS, whereas it 442 was not the case for 6 SCI participants. The threshold of the MEP was significantly lower 443 in the CTRL than in the most affected leg of the SCI individuals (64+/-12% MSO 444 Table 1 ). 463
Correlations between kinematics and MEP measures were assessed using data from both 464 legs ( Table 2 ). The highest toe elevation was significantly correlated to the MEP latency 465 and the MEP amplitude at rest ( Fig. 5A and B ; Spearman r=-0.5 p=0,04 and r=0.6 466 p=0.01, respectively). 467
468
Correlation with overground gait speed 469
Highest toe elevation and angular difference in early swing measured in the most 470 impaired leg were directly correlated to over-ground gait speed, based on the 10-meter 471 test (Table 3 ; Spearman r=0.6; p=0.006 and r=-0.5; p=0.02, respectively). MEP amplitude 472 at rest was significantly correlated to gait speed (Spearman r=0.7; p=0.009), so that SCI 473 participants who did not show any MEPs at rest, had the slowest gait speed overground. 474 MEP latency and coherence were not significantly correlated to over-ground gait speed. 475 participants, as has previously been reported by Hansen et al (2005) . However, they 491 found no correlation between the motor unit coupling and the gait ability of the subjects 492 (i.e. speed of walking). In the present paper, we show that the coherence was well 493 correlated with the degree of foot drop in the SCI participants and that foot drop in turn 494 was well correlated to the speed of walking. Lack of correlation between gait speed and 495 coherence can be explained by the fact that coherence in TA is only assessed during 496 swing phase activity whereas gait speed depends not only on swing phase activity but 497 also on other variables, such as stance phase activity and transitions from swing to stance. 498 499 Cross-talk between the two surface electrode recordings is unlikely to explain the data 500 observed, as discussed in Hansen et al (2001 Hansen et al ( , 2005 and Halliday et al (2003) . The 501 distance between the pairs of EMG electrodes exceeds that of the overlap between 502 individual motor unit territories (Roy et al., 1995 , Smits et al., 1994 . Also, signs of cross 503 talk within the cumulant (large, narrow central peak) or coherence (large broad band 504 coupling at minimal phase lags) estimates were not detected (see Fig. 3 ). 505
It is generally accepted that common synaptic drive from collaterals of last order 506 neurons is an important, but probably not exclusive, contributor to short-term synchrony 507 
